The 97-kDa protein Mtx2l, derived from the 100-kDa mosquitocidal protein (Mtx) from BaciUus sphaericus SSII-1 by the deletion of the putative signal sequence, was expressed as a fusion protein with glutathione S-transferase in Escherichia coli, and the fusion protein was purified by affinity chromatography. The fusion protein bound to glutathione agarose was cleaved with thrombin to release the Mtx21 protein. The 97-kDa Mtx21 protein was found to be toxic to Cukx quinquefasciatus larvae with a 50% lethal concentration of 15 ng/ml. Treating Mtx21 with crude mosquito larval gut extracts gave rise to two major peptides of 70 and 27 kDa. Treating the 97-kDa Mtx21 protein with trysin also gave rise to a similar proteolytic cleavage pattern. N-terminal sequencing showed that the 27-kDa peptide was derived from the N-terminal region of the 97-kDa protein and that the 70-kDa protein was from the C-terminal region of the 97-kDa protein. The 27-kDa peptide has all the previously identified regions of homology with the catalytic peptides of the ADP-ribosyltransferase toxins, such as pertussis toxin S1 peptide, while the 70-kDa peptide has three internal regions of homology.
toxins, such as pertussis toxin S1 peptide, while the 70-kDa peptide has three internal regions of homology.
Bacillus sphaericus is an aerobic, gram-positive, sporeforming bacterium which is widespread in soil and aquatic environments. Some strains of B. sphaericus have been found to be pathogenic to mosquito larvae (14) , and the pathogenicity of these bacteria has been attributed to the expression of toxic proteins (26, 29, 31, 32) . The toxic strains have been divided into the high-toxicity strains (e.g., 2297 [34] , 2362 [33] , and IAB59 [15] ) and the low-toxicity strains (e.g., SSII-1 [29] and Kellen K [21] ).
The high-toxicity strains have been shown to express a pair of proteins with relative mobilities corresponding to molecular masses of 63 and 43 kDa (5) . Later studies in which the genes encoding these proteins were cloned and sequenced showed the molecular masses to be 51. 4 and 41.9 kDa (2, 19) . Both these proteins are required for toxicity to mosquito larvae (7, 13) and are expressed predominantly during sporulation (27) . B. sphaericus SSII-1 is a lowtoxicity strain isolated from mosquito larva cadavers collected in India (29) . The genes encoding the 51.4-and 41.9-kDa binary toxin have been shown to be absent from B. sphaericus . In order to study the nature of toxicity of B. sphaericus SSII-1, we have cloned a gene encoding a 100-kDa protein and have designated it the mix (mosquitocidal toxin) gene (31) . The N-terminal region of the Mtx protein was found to have significant homology with the catalytic subunits of ADP-ribosyltransferase toxins, such as the pertussis toxin S1 subunit (28) , and had no significant homology with the pair of toxins from the high-toxicity B. sphaericus strains (31) . The aim of the present study was to purify the Mtx protein and to understand the processing of this protein in mosquito larvae to gain further insight into its mode of action. designated pTH19 (full-length clone), pTH21 (no signal sequence), and pTH22 (no signal sequence and no membrane-spanning sequence). To ensure that no mutations had been introduced into the mix gene during PCR, the 5' ends of the inserted fragments were sequenced and the remainder of the gene was exchanged with equivalent sequences from the original pXP33 plasmid as follows. In the pTH19 and pTH21 clones, the 5' ends of the Mtx protein-coding sequence were sequenced from the BamHI site (nucleotide 1325) to the BglII site (incorporated from the primer), and the fragment from the BamHI site to the ClaI site from plasmid pXP33 (Fig. lb) was then transferred to plasmids pTH19 and pTH21. For plasmid pTH22, sequencing was carried out from the EcoRI* site to the BglII site (incorporated from the primer), and the fragment from the EcoRI* site to the ClaI site was isolated from pXP33 by carrying out a partial EcoRI digestion followed by ClaI digestion. The resulting 2.7-kb fragment was transferred to pTH22 previously prepared by carrying out complete EcoRI and ClaI digestions.
MATERIALS AND METHODS
Induction of fusion protein synthesis was carried out as described by Smith and Johnson (30) with a slight modification. The cells were grown to stationary phase at 37°C, harvested, resuspended in fresh medium containing 1 mM IPTG (isopropyl-3-D-thiogalactopyranoside), and incubated for 1 h at 30°C. The fusion protein was then purified and cleaved as described by Smith and Johnson (30) . Briefly, the cells were harvested after induction, resuspended in phosphate-buffered saline (PBS), and lysed by sonication. The fusion protein was purified from the extract by using glutathione agarose beads. The Mtx protein and its derivatives were cleaved from the glutathione S-transferase (GST) peptide with thrombin in the cleavage buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 2.5 mM CaCl2). The full-length protein has been designated Mtx, the protein lacking the potential signal sequence has been designated Mtx2l, and the protein lacking both the potential signal sequence and the potential membrane-spanning sequence has been designated Mtx22.
Preparation of crude gut extract. Gut extracts were prepared from the larvae of five mosquito species (Culex quinquefasciatus, Aedes aegypti, Toxorhynchites splendens, Aedes albopictus, and Aedes togoi). The guts from 20 third-instar mosquito larvae were pulled out, and the peritrophic membranes were removed. The guts were then washed once in 0.5 ml of PBS and resuspended in 0.2 ml of PBS. The guts were homogenized in a 1.5-ml Eppendorf tube by using a glass pestle which exactly fits the tube. The protein concentration was determined by using the Bio-Rad protein assay kit.
In vitro digestion. Five micrograms of the crude gut extract was added to 10 ,g of the Mtx2l toxin (in the thrombin cleavage buffer). Trypsin digestion was carried out by adding 1 ,g of trypsin to 10 ,ug of the Mtx2l protein (in the same buffer). The mixtures were then incubated for 1 h at 30°C, and the products were analyzed on a 10% polyacrylamide-0.1% sodium dodecyl sulfate (SDS) gel.
Toxicity assays. The larvicidal activities of the proteins were assayed on second-instar larvae of C. quinquefasciatus (laboratory reared). The Mtx2l toxin at various concentrations was added to 10 larvae in 3 ml of water with 50 RI of a 100-mg/ml suspension of Saccharomyces cerevisiae. All assays were carried out in triplicate. Mortality was recorded at 24 and 48 h.
Toxicity of E. coli clones expressing toxin-GST fusion proteins was tested as follows. Cells from a culture grown overnight were harvested and induced with IPTG as described above. After induction, the cells were washed once with 0.85% saline and resuspended in 1/5th original volume of 0.85% saline. Aliquots (0.5 ml) were added to 10 secondinstar larvae in 10 ml of water. Toxicity was recorded at 24 and 48 h.
To determine the toxicity of the Mtx protein to larvae of T. splendens, 10 T. splendens larvae in individual containers were each fed 12 C. quinquefasciatus larvae (three larvae every 12 (Fig. la) . Therefore, we chose to work with the 97-kDa Mtx21 protein in our subsequent experiments.
The 50% lethal concentration of the 97-kDa Mtx21 protein to C. quinquefasciatus was calculated to be 15 ng/ml under our assay conditions. The 100-kDa toxin expressed in E. coli from the plasmid pXP33 (31) had no effect on the T. splendens larvae even after 48 h under the above assay conditions. The Mtx2l protein treated with either gut extracts or trypsin was analyzed on a 10% polyacrylamide gel (Fig. 2b ). There were two major proteolytic products when the Mtx21 protein was treated with larval gut extracts (from C. quinquefasciatus, A. aegypti, A. albopictus, A. togoi, or T. splendens) or with trypsin. The apparent molecular masses of the two major peptides were calculated from their relative mobilities on an SDS-polyacrylamide gel to be -74 and -28 kDa. After electrophoresis, the peptides resulting from digestion with C. quinquefasciatus gut extract or trypsin were transferred onto a nylon membrane by electroblotting for N-terminal sequencing, but we were unable to get any sequence from the blot. In order to separate the two peptides for sequencing, the Mtx21 protein treated with C. quinquefasciatus gut extract was loaded onto either a fast protein liquid chromatographic size-exclusion column or a highpressure liquid chromatographic reverse-phase column.
However, neither of these methods resolved the two peptides. Finally, total digests with trypsin or C. quinquefasciatus gut extract were subjected to N-terminal sequencing. Two sequences corresponding to the two peptides derived sequence. Both trypsin and the C. quinquefasciatus gut extract cleaved the 97-kDa peptide in the same region. The N-terminal region of the larger peptide obtained from trypsin digestion is 2 amino acids longer than the N-terminal sequence of the equivalent peptide obtained from digestion with C. quinquefasciatus gut extract. The sequences obtained were compared with the Mtx protein sequence, and the results showed that of the two peptides from each proteolytic digestion, the larger peptide is derived from the C terminus of the Mtx protein and the smaller peptide is derived from the N terminus of the Mtx protein. The molecular masses of the two peptides from their sequence (assuming no further processing at the C-terminal region) are approximately 70 and 27 kDa. The 27-kDa peptide has all the regions of homology with the catalytic domain of ADPribosyltransferase toxins, such as the pertussis Si peptide, while the 70-kDa peptide has three internal regions of homology (Fig. 3) .
DISCUSSION
Both the full-length protein (Mtx) and the Mtx2l protein that lacks the potential signal sequence were found to be toxic to the larvae of C. quinquefasciatus when expressed as fusion proteins. This indicates that the potential signal Signal peptide sequences are usually removed from precursor proteins either during or after translation (10) . In B. sphaencus SSII-1, the signal peptide of the Mtx protein may be removed to give rise to a 97-kDa protein similar to the Mtx21 protein and which would be likely to be processed in Incubation of the Mtx2l protein with gut extracts from C. quinquefasciatus, A. aegypti, T. splendens, A. albopictus, or A. togoi or the protease trypsin gave rise to similar proteolytic patterns (Fig. 2b) . The N-terminal sequences obtained after treatment with C. quinquefasciatus gut extract or trypsin were very similar, although the N-terminal sequence of the 70-kDa peptide obtained from the trypsin digest was longer by 2 amino acids. The protease trypsin has cleaved the Mtx2l protein on the C-terminal side of lysine 262 (amino acid number given as in full-length Mtx protein). The first amino acid identified in the N-terminal sequence is phenylalanine 264. The true N-terminal residue glycine 263 could not be identified because of high background levels in the first cycle. The presence of trypsinlike proteases in mosquito larvae has been demonstrated (18). Toxin processing by trypsin and chymotrypsinlike enzymes in mosquito gut extracts has been demonstrated for the 51.4-and 41.9-kDa toxins from the highly toxic B. sphaericus strains (1, 8, 9, 12, 13) and for the mosquitocidal toxins of B. thuringiensis (28a). Given the highly specific cleavage of the 97-kDa toxin by gut extracts, we suggest a similar processing of the Mtx2l protein by a trypsinlike enzyme. The observation that the 70-kDa peptide derived from digestion of Mtx2l with the C. quinquefasciatus crude gut extract is 2 amino acids shorter at the N terminus than the trypsin-processed peptide could be due to the removal of these additional amino acids by additional enzymes, for example, aminopeptidases present in the crude gut extract. The processing of Mtx21 seems to be very similar in the five mosquito larvae species including three species (C. quinquefasciatus, A. aegypti, and T. splendens) with different sensitivities (31 and the present study), suggesting that the specificity of the toxin is not determined by its processing in the larval gut. The specificity could be conferred either by specific receptors for the toxin or by the capacity of the gut epithelia to respond. The Mtx protein was found to be nontoxic to the larvae of T. splendens under our assay conditions. Lack of toxicity of the 100-kDa Mtx protein expressed in E. coli from the plasmid pXP33 (31) toward T. splendens larvae may be due to lack of receptors or insufficient accumulation of toxin by prey C. quinquefasciatus larvae. The apparent lack of toxicity to T. splendens may be useful in the control of populations of the other mosquito larvae by combined use of biological pesticides and predatory mosquitoes.
The 97-kDa Mtx21 protein is cleaved to give two peptides of 27 and 70 kDa. The 27-kDa peptide has all the regions of homology with the known ADP-ribosyltransferase toxins (31) , and the 70-kDa peptide has three regions of internal homology (Fig. 3) . The proteolytic processing of the Mtx21 protein has some similarities to that of the diphtheria toxin, an ADP-ribosyltransferase toxin. Diphtheria toxin is produced as a single peptide of 62 to 63 kDa and processed by trypsin to give a peptide with catalytic activity and a peptide with receptor binding activity linked by a single disulfide bond (11, 16, 17) . The ADP-ribosylating subunit derived from the N terminus (25) is translocated into the susceptible cells (6, 23) , where the subunit ADP ribosylates EF2 and causes inhibition of protein synthesis (20) . The receptorbinding subunit is derived from the C terminus of the precursor protein (25) . There is only one cysteine in the Mtx protein at position 19, which is within the potential signal sequence (31) . This signal sequence has been deleted from Mtx2l, thus intermolecular or intramolecular disulfide bonds cannot exist. The significance of the three internal regions of homology found within the 70-kDa peptide is still not clear.
Our results suggest the fate of the 100-kDa mosquitocidal toxin of B. sphaericus SSII-1 after treatment with larval gut extracts. The N-terminal sequencing results suggest the action of a trypsinlike enzyme in the processing of our 97-kDa protein to peptides of 70 and 27 kDa. Further experiments to elucidate the roles of the 27-and 70-kDa peptides in mediating toxicity are currently under way.
